We study charm particle producction in hadron-hadron collisions. After calculate perturbatively the charm quark differential cross section, we study the hadronization mechanisms. We show that the recombination mechanism is of fundamental importance to understand the large x F behaviour of the charm particle differential cross sections as well as the well measured particle antiparticle production asymmetries. It is explicitely shown that the recombination mechanism, oposite to the fragmentation one, break the factorization in charm particle production. Our model is compared to experimental data on charmed hadron production in π N interactions.
Introduction
Heavy quark production in hadronic collisions is one of the most interesting testing grounds of Quantum Chromodinamics. The fusion reactions g g → QQ and→ QQ processes are expected to be dominant in heavy quark ,Q, production. Actually, experimental data seems to reazonably agree with perturbative QCD (pQCD) calculations which today are available up to Next to Leading Order (NLO) [1] .
Once a heavy quark is produced, it has to hadronize to produce the observed final state. On this respect, it was expected that factorization theorem be valid and hadronization proceeded through the fragmentation mechanism. Thus, heavy hadron production can be separated into the perturbatively calculable hard scattering and gluon dynamics from the non-perturbative bound state dynamics contained in the process independent hadron structure, expresed through the corresponding parton distribution functions (PDF), q(x, Q 2 ) and g(x, Q 2 ), and the jet fragmentation functions, D h/Q (z, Q 2 ). Literally speaking, the factorization assumption predicts strict independence of the heavy quark hadronization from the production process. Thus, no flavor correlation should exist between initial and final states.
However, there exist copiuos experimental information on charm hadron production which contradicts the above hypothesis. In fact, there was observed an excess in the charm hadron production at large values of x F (∼ 2p l / √ 2) and a correlation between the leading charm hadrons with the projectile quantum numbers. This suggest the presence of other mechanisms of hadronization which must be operative at large values of x F and low p 2 T , as long as fragmentation of the charm quark should not produce either flavor correlations between initial and final states, neither charm hadrons with large x F . In particular, flavor correlation suggest hadronization mechanims by which projetile spectators produced at small p 2 T recombine wich charm quarks produced either perturbatively in the hard QCD process, or charm quarks, though perhaps of a non-perturbative nature, already present in the structure of the beam particles.
From a theoretical point of view, several model have been proposed to account for the enhancement of heavy hadron production at large x F and flavor correlations. Among them we can mention the model of Ref [2] , in which a charm quark produced perturbatively recombines with the debris of the projectile, the intrinsic charm model [3] , in which a particular Fock state of the projectile containing charm quarks breaks in the collision giving thus the desired flavor correlation between initial and final particles, recombination type models [4] in which charm quarks already present in the projectile structure recombine with light quarks, and models based in the Dual Parton Model and Dual Topological Unitarization [5] in which both, the heavy quark production and hadronization, are treated on a non-perturbative basis.
All the above models have been more or less successful in reproducing the main features of charm hadron production, with possibly the only exception of the intrin-sic charm model [3] , which seems to be excluded [6] by recent experimental data on charmed baryon production in π − N interactions by the E791 [7] and SELEX [8] Collaborations. However, it is important to remark that, although some models are able to reproduce experimental data on production asymmetries, they cannot reproduce simultaneously data on production asymmetries and differential cross sections. This is the case of the intrinsic charm model, as noted in Ref. [6] . This fact indicates that in order to make a meaninful comparisson among models and experimental data, both, the differential cross section and the production asymmetry have to be taken into account. As a matter of facts, we have two of three quantities which are, in principle, independent, namely, the differential cross sections of both, particle and antiparticle, or one of the cross sections and the corresponding asymmetry.
In what follows we will analyse the main features of perturbative charm production in hadron-hadron collisions followed by the study of possible hadronization mechanisms. Later, we will compare model results with available experimental data. The last section will be devoted to conclusions.
Brief review of perturbative charm production
In the parton model, charm quarks are produced via the interaction of partons in the initial hadrons. Thus, the differential cross section as a function of x F is given by [9] dσ c(c)
where H ab is a function which contain information on the structure of the colliding hadrons a, b, and on the hard QCD process which produces the charm quarks. At LO, the funtion H ab reads
with x a and x b being the parton momentum fractions, q(x, µ 2 F ) and g(x, µ 2 F ) the quark and gluon momentum distributions in the colliding particles,ŝ = x a x b s the c.m. energy of the partonic system and µ F and µ R the factorization and the renormalization scales. In eq. (1), p 2 T is the squared transverse momentum of the produced c-quark and y is the rapidity of thec quark and E the energy of the produced c-quark. The sum in eq. (2) runs over i = u,ū, d,d, s,s.
The elementary cross-sections dσ dt |and dσ dt | gg at LO are given by [9, 10] . 
where ∆y is the rapidity gap between the produced c andc quarks andm 2 c = m 2 c + p 2 T . The Feynman diagrams involved in the calculation of eqs. (3) and (4) are shown in Fig. 1 .
As shown in eqs. (3) (4) , at LO the only dependence on µ R in the elementary cross sections is in α 2 s (µ 2 R ). At this order, the value of the renormalization scale is fixed by the requirement that the propagators in diagrams of Fig. 1 be off-shell by a quantity of at least m 2 c . So, it is usual to take µ 2 R ∼ m 2 c . Regarding the factorization scale µ F , it is the scale at which the initial hadrons see one another in the collision. Then, it fixes the quark and gluon content in the initial hadrons which has to be used in calculations and, hence, its value is of fundamental importance. To illustrate this point, let us imagine that we fix µ F to some value of the order of the heavy quark mass, as it is usually done. Then, charm has to be considered as forming part of the structure of the initial hadrons, and consequently, more diagrams have to be considered in the LO expression of the differential cross section. The dificulties introduced by doing this has to do with the so called flavor exitation diagrams (see Fig. 2 ) and has been discussed many times in the literature (see e.g. [1, 10] ). Instead of this, in Ref. [1] has been shown that flavor exitation diagrams can be treated consistently because they are a subdiagram of the NLO expressions for the elementary cross sections, avoiding in this way the problems associated with their t-channel pole. However, this implies that the factorization scale has to be fixed to some value µ R < m c .
On the other hand, the treatment of flavor exitation diagrams open the discussion about what to do with the charm quark which does not interacts with partons in the other hadron. In fact, the momentum distribution of this quark must be the momentum distribution of a charm quark in the sea of the hadrons, since it does not exchange momentum with other partons. The problem here is how to consider this quark in the hadronization part of the reaction. This problem will be discussed in the next section in conection with the recombination of the remnants of the initial hadrons.
It is also known that NLO and LO calculations only differ by a k-factor of the order of 2−3, meaning that calculations can be done consistently at LO and then multiplied by the corresponding k-factor. NLO calculations also shown a c −c asymmetry [1] , which is too small to produce any effect after hadronization.
Hadronization mechanisms
There are basically two different models to treat hadronization of the heavy quarks produced in the collision. These are the recombination mechanism and string fragmentation. We will discuss them separately within this section. However, there is a basic requirement for hadronization which is common for any hadronization mechanism. It is that quarks which will form an hadron must be in a color singlet state in order to form a colorless hadron. This requirement, which will drive the hadronization of quarks to any hadron state, is not more that a manifestation of confinement in QCD. On the other hand, hadronization of the charm quark is driven by the dynamics of the color string fragmentation mechanism, which limits the kind of processes leading to the production of charm hadrons in the final state. As it is well known, color strings can only be formed from a quark-antiquark or from a quark-diquark pair in a color singlet configuration in order to obtain a purely hadronic final state (see Fig. 3 ). Furthermore, recombination can be considered as a special case of color string fragmentation which occur when a short color string with the quantum numbers of a hadron is formed in the same region of the space.
It is interesting to note that the q −q string, which we will name as mesonic string, has baryon number zero which is preserved in the final hadronic state. Then, a mesonic string will produce predominantely mesons plus eventual baryon-antibaryon pairs in the final state. Conversely, the q − diquark string (baryon number one) will produce at least a baryon plus a number of mesons in the final state. It is easy to see that other color string configurations will leave at least a free quark in the final state, then they are impossible to occur based in the confinement principle. On the other hand, the requirement that the initial quark configuration, which gives rise to the color string, be in a color singlet state is needed in order to obtain a colorless hadronic final state, as can be easily deduced by drawing the color flux lines for a typical color string configuration. 
String fragmentation
A typical quark configuration leading to color string fragmentation is shown in Fig. 4 .
Formation of color strings among the charm quarks and the remnants of the colliding hadrons would give rise to the production of open charm, i.e. D mesons and eventually charm baryons.
This kind of contribution to hadronization is modelled by the convolution of the c-quark differential cross section with a Peterson Fragmentation Function, D H/c , [11] ,
where ǫ ∼ m q /m Q and dσ c(c) /dx is given in eq. (1).
Recombination
A typical quark configuration leading to recombination is shown in Fig. 5 . The contribution of the recombination mechanism can be estimated by means of [2] dσ
where R(x, z, x F ) is the recombination function, for which we shall use [12] R (x, z,
with β a normalization parameter which has to be fixed from experimental data. In eq. (6),
where H ab is given in eq. (2), x v is the fraction of the momentum of the hadron a carried by the spectator quark q a v , In eq. (8), q a v represent either a quark or a diquark momentum distribution, depending if the final hadron is a meson or a baryon. Note that, as the quark or diquark are part of the structure of one of the colliding hadrons, this introduces a flavor correlation among initial and final hadrons, as observed in experimental data.
Another possibility is that the espectator charm quark in Fig. 2 recombines with the debris of its own hadron. It is clear from the figure that the momentum distribution of the charm and the anticharm are different. What one encounters when calculating charm hadroproduction at NLO is the differential cross section for the heavy quark which interacts through a gluon with partons in the other hadron (the anticharm in Fig. 2 ). The momentum distribution of the spectator heavy quark can be found by looking at the corresponding quark distribution function in the hadron at the Q 2 scale to which the process is being calculated. To calculate then the differential cross section for the recombination of the spectator quark with the debris of the own hadron, the recombination modelà lá Das-Hwa [12] is called for (see Fig. 6 ).
In this case, the production of leading mesons at low p T can be described [12] by means of
where x i , i = 1, 2, is the momentum fraction of the i th quark, F 2 (x 1 , x 2 ) is the two-quark distribution function in the hadron and R 2 (x 1 , x 2 , x F ) is the two-quark recombination function and β is a normalization constant which must be fixed by comparison to experimental data. A version of the model to consider baryon produc-tion has been developed by Ranft [13] . Along this work we will use
with γ = 1 for i = 2 and γ = −0.1 for i = 3 [4] .
For the recombination function we shall use its simplest version given by
Modeling and comparison to experimental data
So far, there exist in the literature experimental data on D meson production from experiments WA82 [14] and WA92 [15] . In these experiments, neutral and charged D mesons are produced in π − Nucleus interactions at beam energies of the order of 350 GeV/c. In order to compare theoretical calculation against experimental data we used
where the firts term in the right hand side of eq. (13) accounts for D meson production through fragmentation and its expression is given in eqs. (5) ; the second term represents the D meson production by the recombination of the perturbatively generated charm quark with espectator quarks from the beam particles as given in eq. (6); and finally we included the third term representing the production od D mesons via the recombination of espectator charm quarks in NLO diagrams with the debris of the beam particles and whose expression is given in eq. (10). a, b, and c are coefficients which were fixed by fitting the experimental data. In Fig. 7 we display the results of our fit to experimental data on D − /D + and D 0 /D0 0 production in 350 GeV/c beam energy π − − Nucleus interactions by the WA92 Collaboration [15] . As can be seen in the figures, the model describes quite well the experimental data for both charged and neutral D mesons. Our fit also shows that charm quark fragmentation and recombination of the charm quark produced in the hard QCD process with the debris of the initial beam particles is enough to describe the data. As expected, the contribution of the recombination of the espectator charm quark remaining from NLO diagrams with valence quarks in the initial particles is negligible. In Fig. 8 we display the results of our fit to experimental data on D − /D + production and asymmetry by the WA82 Collaboration [14] . Note that the WA82 Collaboration measured the particle distribution as a function of x F for D − and D + and the production asymmetry as a function of x F . As from these three sets of data, only two are independent, we fitted the D − and D + particle distributions and obtained from these fits the production asymmetry.
Once again, as evidenced in the figures, the result of the fit describes well the experimental data on both, production and production asymmetry. We do not included any contribution coming from the recombination of the espectator charm quark in then initial pion from NLO diagrams. We show also the asymmetry as obtained from fits to WA92 [15] data. As can be seen in the figure, both curves are similar and describe well the WA82 data on production asymmetry, giving support to the idea that asymmetries are independent of the collision energy. It has to be noted that, in fits to the WA82 data, a small contribution from the recombination of the hard QCD charm quark with the debris of the initial pion is necessary, oposite to what happens with the WA92 data. This behavior could be due to the high value of the last experimental point, not observed in the WA92 data. [14] . Full line: Our calculation (see eq. (14) . Dashed line: Our prediction for the D − /D + asymmetry from fits to D − and D + production by WA92 [15] .
The production asymmetry has been calculated as
where L is for Leading and NL is for Non Leading particles. In Fig. 9 we show the data and fits to the D * (2010) production in 500 GeV/c π − Nucleus interactions by the E791 Collaboration [16] . The E791 measured the D * − + D * + particle distribution as a function of x F as well the D * − /D * + production asymmetry. In order to fit the data with our model of eq. 13, we fitted simultaneously the D * − + D * + particle distribution and the production asymmetry. From the fits, we extracted the individual D * − and D * + particle distributions.
As can be seen in the figure, our curves agree well with the experimental data. Once again, no contribution from espectator charm quark recombination from NLO diagrams was necessary.
Finally, in Fig. 10 , we display the data and fit results for Λ c production and production asymmetry obtained in 600 GeV/c π − Nucleus interactions by the SELEX Collaboration [8] . Here we fitted the Λ + c and Λ − c particle distributions and obtained Figure 9 : Left: D * − +D * + production in π − Nucleus interactions at 500 GeV/c beam energy. Data from the E791 Collaboration [14] . Full line: our model as in eq. (13). Middle: Full line: our prediction for D * − production. Dashed line: our prediction for D * + production. Right: D * − /D * + production asymmetry. Data from Ref. [16] . Full line: our fit (see eq. (14)).
the asymmetry from our fit functions. As can be seen in the figures, our theoretical curves agree well with the experimental data.
Regarding the Λ + c /Λ − c production asymmetry, some comments are in order. Λ − c production in π − Nucleus interactions follows from the fragmentation of the perturbatively producedc quark and by the recombination of thec quark with aūd diquark in the π − . In a π − , theū is a valence quark while thed is a sea quark. On the other hand, Λ + c production follows from the fragmentation of the perturbatively produced c quark followed by the recombination of the c quark with a ud diquark in the π − , where the d is a valence quark and the u is a sea quark. However, aū quark in the π − can easily anihilate with a u valence quark in the target particles. As this is not possible for the u and d quarks which form the diquark needed for Λ + c production, Λ − c production is suppressed in π − Nucleus interactions, as discussed in Ref. [6] . This is then the origin of the observed asymmetry in the SELEX [8] and E791 [7] data.
Conclusions
We have shown that using a simple model based on perturbative QCD for charm quark production and on well known hadronization mechanisms, namely fragmenta- (14)). tion and recombination, the available experimental data on charm hadron production can be well described. The model considers the production of charm hadrons via the fragmentation of the perturbatively produced charm quark as well as by the recombination of perturbative charm quarks with the debris of the initial hadrons. These are well known hadronization mechanisms. The idea of describing charm hadron production through the fragmentation and recombination of perturbatively produced charm quarks is not new. It has been discussed by the first time in Ref. [2] , but never has been extensively tested against all the available experimental data.
Our analysis has shown that intrinsic charm is not needed in order to describe consistently the experimental data on both charm particle distributions and charm particle production asymmetries. This was evident once SELEX data on Λ c baryons and antibaryons became available, as noted in Ref. [6] . Parameters in the model of eq. (13) are not particularly meaningful, at least while more precise experimental data be available. They represent the unkowns associated to the factions of the fragmentation and recombination contributions, but also include the uncertainties coming from the non-perturbative contributions to the hadronization process. It is conceibable that with more abundant and precise experimental data, the behavior of this parameters with respect to the reaction and reaction energy can be fixed, allowing in this way a more predictive power of the model. In Refs. [4, 6] another model including the recombination of charm quarks with the debris of the initial particles was considered. However, in this model, recombining charm quarks were considered as part of the structure of the initial particles. The fact that both, the model discused here and the model of Refs. [4, 6] , be able to describe well the experimental data is due to the fact that the momentum distribution of perturbatively produced charm quarks is similar to the sea charm quark distribution in hadrons. It is easy to see that this is a consequence of the fact that in both cases the origin of the charm quarks is gluon splitting, then its momentum distributions must be similar.
In addition, we have shown that factorization is broken as long as the structure of the initial colliding particles has to be taken into account in order to describe tha hadronization of charm quarks. However, it does not means that new unknowns are added to the problem. There still exist a consistent way to calculate hadronization within the framework of the recombination model.
